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Abstract

Background—Although pulmonary congestion can be quantified by lung ultrasonography
(LUS) in heart failure (HF), little is known about LUS findings (B-lines) in different HF
phenotypes. This prospective cohort study investigated the prevalence, clinical and
echocardiographic correlates of B-lines in ambulatory HF patients with preserved (HFpEF) or
reduced ejection fraction (HFrEF) compared with hypertensive patients. We related LUS findings
to 12-month HF hospitalizations and all-cause mortality.

Methods & Results—We used LUS to examine hypertensive (n=111), HFpEF (n=46) and
HFrEF (n=73) patients (median age 66, 56% male, 79% white, and median EF 55%) undergoing
clinically indicated outpatient echocardiography. B-line number was quantified offline, across 8
chest zones, blinded to clinical and echocardiographic characteristics. The proportion of patients
with =3 B-lines was lower in hypertensive patients (13.5%) compared to both HFrEF (45.2%,
P<0.001) and HFpEF (34.8%, P=0.05). HF patients with =3 B-lines had a higher risk of the
composite outcome (age- and sex-adjusted HR 2.62, 95% CI 1.15, 5.96; P=0.022).

Conclusions—When performed at the time of outpatient echocardiography, LUS findings of
pulmonary congestion differ between patients with known HF and those with hypertension, and
may be associated with adverse outcomes.
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Introduction

Methods

Pulmonary congestion is the most common sign of heart failure (HF), the leading cause of
hospitalization in the U.S. population over 65 years of age.l: 2 Patient-reported dyspnea is
used both clinically and in trials as a surrogate marker of pulmonary edema because
traditional methods for detecting and quantifying pulmonary congestion are insensitive.? 3
However, both under- and over-treatment of congestion may occur if HF management is
based on symptoms alone.*

Lung ultrasonography (LUS) has emerged as a non-invasive, semi-quantitative diagnostic
tool for the assessment of extravascular lung water in HF.> 6 B-lines on LUS are vertical,
hyperechoic artifacts which arise from the pleural line and can be quantified with high
interrater agreement.” These sonographic findings have demonstrated higher sensitivity than
the clinical examination or chest radiography in the identification of pulmonary edema in

acute HF in patients presenting to Emergency Departments with undifferentiated dyspnea.
7,8

Although the role of LUS for the diagnosis of pulmonary congestion in acute HF is fairly
well established, less is known about its potential utility in chronic HF and ambulatory
patients at risk for HF.8-10 Hypertension represents one of the leading causes of HF,
however the prevalence of LUS findings in patients with hypertension but without
established HF is unknown. In addition, little is known about the prevalence of LUS findings
in certain HF phenotypes, especially HFpEF, as compared with patients at risk for HF. We
hypothesized that LUS findings would be prevalent in ambulatory patients with prior HF,
regardless of ejection fraction, and differ from hypertensive patients who are at risk for HF.
The primary objective of this study was to determine the prevalence, clinical and
echocardiographic correlates of LUS findings in ambulatory patients with known HFpEF
and HFrEF as compared to hypertensive patients without HF or coronary artery disease
(CAD). In addition, we sought to relate LUS findings in patients with HF to 12-month
adverse events.

Patient population

This was a prospective, single center, observational study of adults referred for clinically
indicated outpatient transthoracic echocardiograms (TTES) at an academic hospital between
2014 and 2015. Eligible patients were identified via the daily echocardiography laboratory
schedule and review of electronic medical records (EMR). Of all patients with adequate
quality data from standardized TTEs and lung ultrasound examinations performed, we
identified 111 patients with hypertension (H7N/) (defined as blood pressure >140/90 mmHg
at time of echocardiography, history of hypertension, or taking blood pressure-lowering
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medications),1: 12 46 patients with Heart Failure with preserved Ejection Fraction (HFpEF)
(defined as LVEF =50% and a prior clinical diagnosis of HF (based on EMR review by a
single investigator (AAM)) and 73 patients with Heart Failure with reduced Ejection
Fraction (defined as LVEF <50% and a prior clinical diagnosis of HF (based on EMR review
by a single investigator (AAM)). For the purpose of sensitivity analyses hospital records of
all HFpEF and HFrEF patients were reviewed by the same investigator (AAM) for the
presence of HF according to Framingham criteria. Key exclusion criteria were: important
lung conditions (e.g. pulmonary fibrosis, lung cancer, pneumonia), hemodialysis and same-
day admission to the hospital. Additional exclusion criteria are detailed in the Supplements.
This study complies with the Declaration of Helsinki, the locally appointed ethics committee
approved the research protocol and informed consent was obtained from all study subjects.

Clinical and demographic data

Clinical and demographic data were collected from the subjects’ hospital records by a single
investigator blinded to TTE and LUS data (AAM) (see Supplements for definitions). At the
time of enrollment patients were asked whether they felt short of breath (a) while lying flat,
and/or (b) climbing a flight of stairs over the past two weeks. Patients were then categorized
as having no dyspnea or any dyspnea if they answered ‘yes’ to either (a) or (b).

Echocardiographic analysis

Echocardiograms were performed with standard ultrasound equipment by three major
vendors (General Electric, Milwaukee, WI, USA, Phillips, Bothell, WA, USA; and Siemens,
Erlangen, Germany) and 2-5 MHz phased array transducers. Digital B-mode TTE cine loops
were analyzed offline using echocardiographic software (Syngo Dynamics, Siemens,
Malvern, PA, USA) to assess cardiac structure and function. Each component of the
echocardiographic image analysis was performed by one of three investigators (DRC, ESL,
AAM) in accordance with current guidelines by the American Society of Echocardiography,
blinded to LUS data (see Supplements).13: 14 patients with prior mitral valve surgery or
atrial fibrillation/flutter at the time of echocardiography were excluded from E/e’ analysis
due to these factors’ interference with accurate E/e’ measurement, and those with prior atrial
fibrillation/flutter were excluded from atrial size analyses due to their known association
with increased atrial size.

Lung ultrasound imaging protocol and analysis

LUS examinations were performed by trained investigators (AAM, JP) at the time of TTE
using the same ultrasound equipment and transducers. A standardized imaging protocol was
employed using a phased array transducer at an imaging depth of 18 cm in supine position.
Six-second clips were recorded for each of the 8 LUS zones (4 on each hemithorax) as
recommended by an international guideline.

All LUS analyses were performed offline by a single investigator (KHD) with experience in
LUS analysis, blinded to clinical and TTE data. The maximum number of vertical B-lines in
a single intercostal space was counted for each zone and the sum of all 8 zones was

considered as the total number of B-lines as previously described.15: 16 Intra- and inter-rater
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agreement was assessed in a sample of 25 randomly selected patients as detailed in the
Supplements.

HF patients were followed for a fixed time period of 12 months and time to first event was
used for all outcome measures (composite of HF hospitalization or all-cause mortality). HF
hospitalizations were confirmed through patient follow-up phone calls, contacting primary
care physicians or cardiologists, and review of electronic medical records. All HF
hospitalizations were adjudicated based on review of hospitalization records by a physician
(EP), blinded to LUS findings, using pre-specified criteria employed in the adjudication of
cardiovascular trials (see Supplements). No patients in this cohort underwent ventricular
assist device placement or heart transplantation prior to an unplanned HF hospitalization.
All-cause mortality was confirmed through the institution’s electronic medical records, the
social security death index and obituaries.

Statistical analyses

Descriptive statistics for continuous variables are presented as medians (IQR) unless
otherwise noted, and categorical variables as counts and percentages. We used global tests to
compare baseline characteristics between the three groups (HTN, HFpEF, HFrEF) using
Kruskal-Wallis and Pearson’s chi-squared or Fisher’s exact tests for continuous and
categorical variables, respectively. For those characteristics where a significant difference
was found via the global test, pairwise comparisons of each of the two heart failure groups
against the reference HTN group were conducted using two-sample rank-sum tests for
continuous variables and Pearson’s chi-square tests or Fisher’s exact test for categorical
variables. Quantile (i.e. median) regression and logistic regression were used to determine
the relationship between the study groups and LUS/echocardiographic measures after
adjustment for age and sex as potential confounders with adjusted medians and standard
errors shown. We again used global tests initially, followed by pairwise comparisons for
those measures where a significant difference was found by the global test. The prognostic
utility of B-lines in identifying subjects at risk for 1-year HF hospitalizations or death was
assessed using receiver operating characteristics (ROC) curves. After determination of the
B-line number in 8 zones with the highest sensitivity and specificity based on ROC analyses
(YYouden’s index), =3 B-lines was used as the cut-off value. Given the skewed distribution of
B-lines, we reported proportions of B-lines by this cut-off (=3 B-lines) and twice the cut-off
(>6 B-lines).

In secondary analyses, we assessed differences across the two B-line groups (<3 B-lines vs.
>3 B-lines) for echocardiographic characteristics with multivariable linear regression to
determine the relationship between LUS and echocardiographic measures after adjustment
for age and sex as potential confounders. Additional analyses of baseline characteristics for
HF based on Framingham criteria and by B-line group are presented in the Supplements.

In exploratory analyses, Kaplan-Meier curves were estimated for HF patients for each B-line
group to describe the temporal risk for the composite outcome. Unadjusted and adjusted Cox
proportional hazard models were used to assess the relationship between B-lines (by group)
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in HF patients and risk for the composite outcome. Models were adjusted for potential
confounding variables (age and sex). These covariates were chosen based on their clinical
importance in relation to the outcome. The proportional hazards assumptions were assessed
using Schoenfeld residuals.

Two-sided significance levels of 0.05 were used for all analyses and P values were not
adjusted for multiplicity. Data were analyzed using Stata SE, version 14.2 (StataCorp,
College Station, TX, USA 2015).

Of 629 patients enrolled, 603 (95.9%) had adequate images for both LVEF and 8-zone LUS
analysis (Figure 1). A subset of this LUS cohort, 230 subjects, was included in this analysis:
Patients with HTN without HF or CAD (n=111), patients with HFpEF (n=46) and HFrEF
(n=73). The median age for all 230 subjects was 66 years (range 20-93), 56% were male,
79% white, and the median LVEF was 55% (IQR 46-62). Baseline characteristics for this
cohort are summarized in Table 1.

Patients with HF were significantly older than those without HF (P<0.001 for both HFpEF
and HFrEF). Patients with HFrEF were significantly more likely to be male, had lower
systolic blood pressure and reported dyspnea more frequently, whereas HTN patients
comprised a significantly higher proportion of patients with active cancer. HF patients had
worse renal function than those in the HTN group.

Echocardiographic analyses: HTN vs. HFpEF, HTN vs. HFrEF

Among the 111 HTN patients, echocardiographic analysis showed normal sized ventricles
and atria, as well as normal left and right ventricular function. Septal thickness was
borderline increased, but LV mass index was within the normal range. Echocardiographic
and LUS data by study group are presented in Table 2. Subjects with HFpEF demonstrated
larger LV size, LV mass index, LA diameter, worse LVEF, LA emptying fraction and E/e’
than HTN group patients. There was no significant difference in LA volume index, right
sided cardiac structure and function in the HTN group vs. those with HFpEF.

Subjects with HFrEF had larger LV, LA and RA size and worse LV systolic, diastolic and
RV function than HTN patients. In addition, 10.8% of patients in the HTN group
demonstrated elevated estimated LV filling pressures (average E/e’>14) as compared with
32.6% of HFpEF and 43.8% of HFrEF patients.1# E/e’ could not be analyzed in 25 (10.9%)
study subjects.

Lung ultrasound analyses: HTN vs. HFpEF, HTN vs. HFrEF

Among all 230 patients, the sum of B-lines in 8 zones ranged from 0 to 17 (median 1, IQR
0-3), with ranges from 0-6 in the HTN, 0-16 in the HFpEF and 0-17 in the HFrEF group.
Compared with 13.5% of HTN patients, 34.8% of HFpEF and 45.2% of HFrEF patients had
>3 B-lines across 8 lung zones (adjusted P=0.05 and P<0.001 respectively) (Table 2, Figure
2). Sensitivity analyses for the prevalence of B-lines for patients with HFpEF and HFrEF
according to Framingham criteria were performed and are presented in the Supplements
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(Table S1). Using Framingham criteria, the HFrEF group remained unchanged and 39
patients were classified as having HFpEF. By this definition, the proportion of patients with
>3 B-lines compared to HTN patients was 38.5% in HFpEF (adjusted P=0.037).

B-line cut-off value and analyses by B-line group

Outcomes

Based on ROC analyses, the optimal cut-off value of =3 B-lines had a sensitivity of 60.7%
and specificity of 64.8% for identifying patients at risk for the composite of HF
hospitalization or all-cause mortality within 12 months.

Patient demographic data by LUS group (<3 B-lines vs. >3 B-lines) are summarized in the
supplemental Table S2. In the overall cohort, there were no significant differences with
respect to race, BMI, vital signs or albumin level across B-line groups. Subjects in the
groups with higher B-line numbers were older, more likely to report dyspnea and had a
larger LV mass index (Table S3). 32.7% of patients with normal E/e” who were in sinus
rhythm during the echocardiogram demonstrated =3 B-lines on LUS and 28.6% of patients
with elevated LV filling pressures, as estimated by E/e’ >14, had <3 B-lines on LUS. E/e’
could not be assessed in 16.8% of HF patients.

In the subset of patients with HF, there were 28 primary outcome events during the 12-
month follow up period. The unadjusted and adjusted risk of the composite outcome of HF
hospitalization and all-cause mortality is shown in Table 3. HF patients with =3 B-lines had
a higher risk (age and sex adjusted HR 2.62 (95% CI: 1.15, 5.96; P=0.022) of the primary
outcome when compared with those with <3 B-lines (Figure 3). No significant violations of
the proportional hazards assumptions were detected (all P>0.05). There was no significant
interaction between BMI and B-line number (P= 0.828) or ejection fraction and B-line
number (P=0.282). In the subset of patients with available NT-proBNP (n=51) the
relationship between B-lines and the primary outcome was not modified by NT-proBNP
level (P=0.44 for interaction).

Discussion

This prospective study of adult patients with HTN or HF referred for outpatient
echocardiography and concomitantly performed 8-zone lung ultrasonography has three
principal findings. First, the number of B-lines was higher in patients with either HFpEF or
HFrEF than in hypertensive patients who are at risk for HF. Second, patients with HFpEF or
HFrEF were more likely to demonstrate worse measures of cardiac structure and function,
known to be of prognostic importance, than those with hypertension. Third, in an
exploratory analysis a higher number of sonographic B-lines identified those HF patients
with a nearly three-fold risk for HF hospitalizations or death over 12 months, independent of
age and sex.

Spectrum of pulmonary congestion in HFpEF and HFrEF

Dichotomous categories for the presence or absence of pulmonary edema have been
suggested to classify patients with acute HF, among other classifications.1” However,
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traditional methods to identify and quantify pulmonary edema are known to be insensitive.
3.8 This issue becomes even more challenging in the management of chronic HF patients in
the outpatient setting. Prior data on LUS findings in chronic HF patients are sparse and were
either limited to patients with HFrEF or did not stratify analyses by ejection fraction.15 18,19
However, two recent studies using LUS with pocket ultrasound devices for the detection of
pulmonary congestion suggest that chronic HF patients may in fact exhibit a spectrum of
pulmonary congestion.> 18 Importantly, higher degrees of pulmonary congestion identified
by LUS may be undetectable by auscultation in up to 80% of patients but are associated with
an up to four-fold risk of 6 month HF hospitalizations or death.1® In this current study, we
found that ambulatory patients with HFpEF undergoing LUS with standard
echocardiographic equipment at the time of echocardiography may demonstrate a similar
spectrum of pulmonary congestion as those with HFrEF. This is an important finding given
the challenges in establishing the diagnosis of HFpEF and identifying those at higher risk for
decompensation.

Obese patients, who are prone to develop HFpEF, may exhibit low natriuretic peptide levels
even in the presence of HF. We found that BMI did not vary significantly across B-line
groups, suggesting that with standard echocardiographic equipment B-lines can be detected
despite obesity. Our findings are similar to those of a prior study in 97 ambulatory patients
with HFrEF in Brazil, in which BMI did not differ significantly in patients with higher vs.
lower B-line number (although these were analyzed in 28 zones in contrast to 8 in our
study).1® Both 8- and 28-zone methods have been used in the assessment of patients with HF
and are recommended by an international guideline, while a lower number of zones can be
performed more rapidly and may provide similar information.> °

Interestingly, patients with HTN who are at risk for HF demonstrated a low level of B-lines
(<6 Blines in all cases). Nearly half of HTN patients reported dyspnea and while their
symptoms could be due to a number of reasons, it is conceivable that a subset of these
patients may have subclinical HF or pulmonary disease. Alternative etiologies for B-lines,
such as interstitial lung disease, should also be a consideration in the interpretation of LUS
findings. Larger studies are needed to investigate the utility of LUS in ambulatory patients at
risk for HF and the association between LUS and adverse outcomes.

LUS and echocardiographic measures

E/e’ is a commonly used echocardiographic marker of LV filling pressures and is
recommended as a core measure by recent guidelines.1 A correlation between E/e’ and
LUS findings of pulmonary congestion in ambulatory patients with HF has been previously
demonstrated.1® However, prior reports in patients with unexplained dyspnea or advanced
HF suggest that E/e’ may provide misleading information about left-sided filling pressures
and should be interpreted with caution for the diagnosis of decompensated HF.20: 21
Moreover, not all patients with sonographic findings indicating pulmonary congestion report
dyspnea.22 LUS, thus, may provide an additional piece of information when evaluating HF
patients in the outpatient setting and, in conjunction with echocardiography, could paint a
more comprehensive picture by adding quantitative information regarding the degree of
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pulmonary congestion in these patients. LUS findings may prove especially useful in
patients with known or suspected HFpEF, including those with obesity.

LUS findings and outcomes in patients with HF

Limitations

Prior data on the prognostic utility of LUS findings in ambulatory patients with chronic HF
are sparse.? 23 Findings from two studies in mixed cohorts of outpatients with HFrEF and
HFpEF suggested that =3 B-lines on 5- or 8-zone LUS with a pocket ultrasound device may
identify patients at a nearly four-fold risk for 6 month HF hospitalization or death.1> 18 Qur
findings expand on these earlier investigations and suggest that the presence of subclinical
congestion in patients with chronic HF, even when assessed on 8-zone LUS during routine
outpatient echocardiography, may provide important prognostic information. Our data
further suggest that HF patients with 0-2 B-lines may represent a low risk population. The
incremental value of LUS in patients with HFpEF and HFrEF over known risk markers
should be investigated in larger, well-designed outcome trials and cut-off values for B-lines
should be validated.

This was a small, although well-characterized, sample enrolled at a single center which may
affect generalizability. Laboratory results were not uniformly available in all patients, and
were collected up to 6 months prior to or 7 days after the ultrasound examination, including
NT-proBNP. Due to limited natriuretic peptide data and a high prevalence of atrial
fibrillation/flutter more recent HFpEF definitions could not be applied. However, our HFpEF
group had a similar rate of prior HF hospitalizations than our HFrEF group. In addition,
results were similar when Framingham criteria were used (Table S1). Data regarding home
medications were not collected in this study. The HTN group had a higher rate of active
cancer than the two HF groups. However, patients with cancer involving the chest were
excluded based on careful review of the EMR and recent imaging studies (frequently
computed tomography for staging purposes). Due to the design of this current analysis we
could not estimate positive and negative predictive values of B-line number for the exclusion
of HF in ambulatory patients. Future investigations should address this question. In addition,
the data driven cut-off values determined by this current study should be validated in
different datasets in the future.

Conclusions

When performed at the time of outpatient echocardiography, LUS findings of pulmonary
congestion differ between patients with known HF and those with hypertension who are at
risk for HF. LUS estimation of pulmonary congestion may provide complementary
information to traditional echocardiographic measures of cardiac structure and function in
patients with known or suspected HF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Lung ultrasound B-lines differ between hypertensive patients and those with
HF.

B-lines are associated with echocardiographic markers of cardiovascular risk.

In ambulatory HF patients B-lines may be associated with adverse events.
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Enrolled in
LUS study
Excluded:
n=629 * Inadequate echo images for
LVEF: n=15"
» Inadequate LUS images: n=16"
= Neither HTN nor HF: n=175
b4 = HTN but exclusion criteria:
n=169
Analyzed » Heart transplant: n=29
n=230
y v A
HTN HFpEF HFrEF
n=111 n=46 n=73

Figure 1. Study flow chart
LUS, Lung ultrasound; LVEF, Left ventricular ejection fraction; HTN, Hypertension;

HFpEF, Heart failure with preserved EF; HFrEF, HF with reduced EF
*Of patients with inadequate ultrasound images, n=5 subjects had both inadequate echo and
LUS images.
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Figure 2. Number of B-lines by study group (n=230)
HTN, Hypertension; HFpEF, Heart failure with preserved ejection fraction; HFrEF, HF with

reduced EF.
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HF hospitalization or all-cause death

Adj. P=0.022

70
49

60 120 180 240 300 360

Days
67 66 64 63 62 60
45 = 42 37 an 33
_____ 0-2 B-lines —— 23 B-lines

Figure 3. Cumulative incidence of HF hospitalization or death by B-line group in patients with
heart failure (HFpEF or HFrEF) (n=119)
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Table 3

Primary outcome by B-line group in patients with HF (n=119)

Group 1: Group 2: Unadjusted HR Adjusted” HR
0-2 B-lines | =3 B-lines (95% CI) (95% CI)
(n=70) (n=49) P value P value
Primary outcome
12-month HF hospitalization (%) 8(11.4) 13 (26.5) | 2.57 (1.06, 6.20) 0.036 | 3.03 (1.16, 7.87) 0.023
Death (%) 5(7.1) 5(10.2) 1.60 (0.46, 5.53) 0.46 1.04 (0.27, 3.98) 0.95
Composite outcome (first event) (%) 11 (15.7) 17 (34.7) | 2.46 (1.15,5.26) 0.020 | 2.62 (1.15, 5.96) 0.022

*
Adjusted model: Adjusted for age and sex

Loss to follow up: Group 1: n=2 (2.9%), Group 2: n=2 (4.1%)
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